We report the bulk and surface electronic properties and spin polarization of a rich family of Sn-based ternary topological insulators studied by means of first-principles calculations within the framework of density functional theory. These compounds exist with the following stoichiometries: SnX 2 Te 4 , SnX 4 Te 7 , and SnBi 6 Te 10 (X = Sb and Bi). Where a septuple layer or a quintuple layer and septuple layer blocks alternate along the hexagonal axis. We reveal that the bulk band gap in these compounds is about 100 meV and recognize a strong dependence of the spin polarization on the cleavage surface. The calculated spin polarization reaches 85% in some cases, that is one of the highest predicted values hitherto. Since the electron spin polarization is a relevant parameter for spintronics technology, this new family is suitable for applications within this field.
I. INTRODUCTION
Spin-polarized carriers and manipulation of spin currents are essential requirements for spin-based electronics realization. Three-dimensional (3D) Z 2 topological insulators (TIs) are characterized by an inverted energy gap at an odd number of symmetry points of the bulk Brillouin zone (BZ) due to spin-orbit coupling (SOC), and as a consequence a spinpolarized metallic surface state (SS) arises in the bulk energy gap displaying unique properties: linear dispersion forming a Dirac cone with a crossing (Dirac) point (E D ) at/close to the Fermi level (E F ) [1] [2] [3] [4] [5] [6] [7] [8] [9] . Since time-reversal symmetry is preserved in this type of TI, the surface state is protected from backscattering in the presence of weak perturbations [1] [2] [3] 5] . Owed to these unique properties, these materials are very attractive for spintronics applications [1] [2] [3] [4] 10] . Recently Mellnik et al. [11] demonstrated experimentally that a combination of a standard magnetic material with a TI can be 10 times more efficient for controlling magnetic memory or logic than any other combination of materials discovered to date, making topological spintronics very promising for future technology applications.
Various families of 3D TIs that hold high spin-polarized SSs have been exhaustively studied, such as the binary Bi 2 Te 3 , Bi 2 Se 3 , and Sb 2 Te 3 [4, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . These compounds are strong TIs with the topological SS (TSS) mostly located in the first atomic layers adjacent to the vacuum side. However, as was shown by first-principles calculations, the strong spin-orbit entanglement in these materials reduces the spin polarization of the surface states [22] . For instance, Bi 2 Se 3 possessing a rather wide bulk energy gap supporting the Dirac state was predicted to have only 50% of spin polarization in the TSS, which turned in good agreement with recent experiment [23] .
The in-plane spin polarization of Bi 2 Te 3 was also measured, and it was predicted to be around 60% for surfaces [24] and 45% for thin films [25] . The highest obtained value of these three binary compounds was the one of Sb 2 Te 3 around 70% [26] , but the Dirac point of the SS, like in the case of Bi 2 Te 3 , lies deep below the Fermi energy and close to the bulk bands, limiting its potential applications. Therefore, the search for new TIs is required in order to achieve the desired properties, crucial for gate control of TI devices [27] : an isolated cone suitable for electronic transport that will display high spin polarization over a wide energy range across E D .
An [28] [29] [30] [31] [32] are some of the examples.
Another way of tuning consists of the replacement of the heavy atoms by lighter isoelectronic ones in order to increase the bulk gap. Along these lines a new family of natural sulfur-containing minerals was proposed, with the following compounds predicted to be TIs: PbBi 2 Te 2 S 2 , Pb 2 Bi 2 Te 2 S 3 , PbBi 4 Te 4 S 3 [33] . The later family displays a spin polarization between 70% and 80%, one of the highest predicted up to now together with the one of Bi 2 Se 2 Te and Bi 2 Te 2 Se [34] with a maximum of 77%.
In this work we present detailed ab initio calculation of the electronic and spin structure of two compounds that have not been reported yet, SnSb 4 Te 7 and SnBi 6 Te 10 , which are strong 3D Z 2 TIs. They belong to a wider family of already predicted TIs, which displays different stoichiometries, such as SnX [35] . Even though the surface electronic structure of some of these compounds was published earlier, the analysis of the spin polarization is still lacking. Due to the relevance of the spin polarization in 
II. CALCULATION METHODS
The structural optimization and electronic calculations were performed within the density functional formalism implemented in VASP [36, 37] . The interaction between ion cores and valence electrons was treated by the projector augmented wave method [38, 39] . To describe the exchange-correlation energy, we used the generalized gradient approximation [40] . The Hamiltonian contained the scalar relativistic corrections and the spin-orbit coupling was taken into account by the second variation method [41] . The DFT-D2 method of Grimme [42] was used for taking van der Waals (vdW) forces into account.
We used experimental lattice parameters with optimized atomic positions in the unit cell (see Table I ). The 7 × 7 × 7 and 11 × 11 × 1 k-point grids for bulk and slab self-consistent calculations, respectively, were used. The kinetic energy cutoff for the plane-wave basis set was 220 eV. To simulate the (0001) surfaces we used over 40 atomic layers to avoid the interactions between surfaces. The number of atomic layers will be specified for each compound.
III. RESULTS AND DISCUSSION

A. SnSb 2 Te 4 and SnBi 2 Te 4
The hexagonal lattice of SnX 2 Te 4 (X = Sb, Bi) can be represented as a sequence of septuple layer (SL) blocks that alternate in a series along the hexagonal c axis [see Fig. 1(a) ]. Since the bulk and surface electronic structures of these TIs have been already studied (see Refs. [43, 44] ), we adduce in detail here only quantitative analysis of the spin polarization of the topological SS which was not reported for these compounds.
In Figs ) for¯ -M direction. In both compounds the spin polarization is maximal near the Dirac point and it decreases with k when approaching the bottom of the conduction band. The same dependence of the in-plane spin polarization on k is observed along¯ -K direction. In the case of SnSb 2 Te 4 spin polarization in the vicinity of the¯ point is ∼65% and a weak dependence of the spin polarization on the wave vector takes place. For SnBi 2 Te 4 the maximal spin polarization reaches ∼75% and decreases by factor of 1.5 at k ≈ 0.08Å −1 after which it varies slightly up to the conduction band minimum. Along with this, S z spin component increases with distance from the Dirac point which is well correlated with progressive hexagonal warping in the Dirac cone (see Ref. [45] Figs. 2(a) and 2(b) (right subpanels) near the Dirac point the TSS is spread mainly in the surface SL; however, it has a noticeable weight in the second SL. Moving away from the Dirac point (DP) the weight of the TSS in deeper atomic layers decreases and the state becomes predominantly localized in the near-surface layers. It should be noted that similar dependence of the TSS localization was found earlier in Bi 2 Te 3 Ref. [46] . This change in the TSS localization leads to the fact that at large wave vectors the contribution of deeper layers to the total spin polarization decreases and it causes the observed decline in the polarization a as function of k . In the case of SnBi 2 Te 4 the charge-density profile at k > k 2 remains almost invariable, as a consequence we observe the nearly flat behavior of the polarization at large wave vectors. 
B. SnSb 4 Te 7 and SnBi 4 Te 7
The crystal structure of SnSb 4 Te 7 (as well as of SnBi 4 Te 7 ) is hexagonal (group P3m1) and the unit cell contains alternating quintuple and septuple layer blocks formed by alternating anion and cation layers, Te-Sb-Te-Sb-Te and Te-Sb-Te-Sn-TeSb-Te, respectively [35] [see Fig. 1(b) ]. Each block consists of strongly bonded ionic-covalent atoms, whereas the bonding between blocks is determined by vdW forces.
As can be seen in Fig. 3(a) , SnSb 4 Te 7 is a semiconductor with an indirect bulk band gap of ∼100 meV. An analysis of the orbital composition of the states at the edges of the band gap shows that there is a complicated SOC-induced inversion of Sb and Te states near A point. Indeed, the local density of states (LDOS) without (w/o) SOC-included demonstrates that the top of the valence band is predominantly formed by Te atom states, while the bottom of the conduction band is composed of Sb and Sn orbitals of both SL and QL blocks, respectively [ Fig. 3(b) , left panel]. The SOC inclusion causes band gap broadening and induces inversion of states. However, the top valence band is determined by the states localized in Sn and Sb atoms of SL blocks, whereas Sb states of QL blocks lie below the bulk gap edge [ Fig. 3(b), right panel] . The lower conduction band is mostly composed of Te orbitals of QL block. Such intriguing SOC-induced band inversion appears due to the complexity of the crystal structure. Note, almost similar band inversion was also found for a Pb-based isostructural system [28, 29] , where small differences took place: the bottom of the conduction band is mostly formed by Te states of both SL and QL blocks.
The bulk and surface electronic structures of SnBi 4 Te 7 have been already reported [30] , thus we will focus on the spin polarization of the topological SS for this compound.
Owing to the topological nature of these compounds their surface should hold gapless TSS. Because the crystal structure of SnSb 4 Te 7 compound is constituted by alternating SL and QL building blocks, the surfaces formed after cleavage of this crystal have two possible terminations. The surface can be terminated by SL or QL block which we will denote as 7L and 5L surfaces, respectively. The 7L and 5L surfaces were simulated by 43 atomic (SL-QL-SL-QL-SL-QL-SL) and 41 atomic (QL-SL-QL-SL-QL-SL-QL) layer slabs, respectively.
Figures 4(a) and 4(b) and 4(e) and 4(f) show the band structure of the 7L and 5L surfaces of SnSb 4 Te 7 and SnBi 4 Te 7 , respectively. In SnSb 4 Te 7 at the 7L surface the TSS dispersion is strongly linear above and below the DP, while in the 5L case the TSS deviates from linear dispersion in the vicinity of the DP. The Dirac cone at the 7L surface of SnBi 4 Te 7 is warped near the conduction band and the TSS dispersion at the 5L surface is in general similar to that at the 5L surface of SnSb 4 Te 7 . Another interesting feature of the 5L surface spectrum of SnSb 4 Te 7 (SnBi 4 Te 7 ) is the occupied Dirac cone which lies at −0.15 eV (−0.25 eV) below the Fermi energy. This is the surface state that survives from Sb(Bi) 2 Te 3 , having the dispersion and localization identical to the Dirac state of the parent compound.
The TSS charge density distribution of the 5L and 7L surfaces differs. While the 7L surface of SnSb 4 Te 7 is mostly localized in two blocks (surface QL and subsurface SL), in the case of the 5L surface in the vicinity of¯ it is predominantly localized within the subsurface SL block and partly in the surface QL block and third QL. On the contrary, at the 7L surface of SnBi 4 Te 7 the TSS lies completely in the surface SL like in the case of PbBi 4 Te 7 [28, 29] , whereas the 5L surface TSS in SnBi 4 Te 7 displays a localization similar to that at the 5L surface of SnSb 4 Te 7 .
Figures 4(c) and 4(d) and 4(g) and 4(h) show the in-plane spin polarization of the TSS at 7L and 5L surfaces of SnSb 4 Te 7 and SnBi 4 Te 7 . As one can observe for 7L surfaces the dependence of the polarization on k has a maximum in the vicinity of the DP and as a whole is similar to that for SnSb 2 Te 4 and SnBi 2 Te 4 . However, at 5L surfaces the situation is more intriguing. The spin polarization at k = 0.04Å
has a minimum for SnSb 4 Te 7 TSS while the SnBi 4 Te 7 TSS has a maximum approximately at the same k reaching 82%. This interesting behavior is related to the change in the spatial localization of the Dirac state. In Fig. 4(b) one can observe that at k = k 2 the localization of the TSS in SnSb 4 Te 7 changes from mainly subsurface SL to the surface QL and therefore makes the localization region thinner, while in SnBi 4 Te 7 the TSS being mostly localized in the subsurface SL at small k becomes widely localized within surface QL and subsurface SL near k = 0.04Å −1 (k 2 ) causing the increase in the in-plane spin polarization. This feature has an advantage: the maximal spin polarization in the TSS arises far from the DP, at the point where the density of states involved in spin-polarized transport is increased.
C. SnBi 6 Te 10
Ternary compounds SnX 6 Te 10 (X = Sb,Bi) have also a tetradymitelike crystal structure but it differs from SnX 4 Te 7 in the following way, it is built alternating SL and two QL blocks along the hexagonal c axis [ Fig. 1(c) ]. To determine the Z 2 topological invariant we checked the parity of the wave functions at TRIM of the bulk valence band spectrum [ Fig. 5(a) ] and found that owing to the inversion at Z point the invariant is nontrivial for SnBi 6 Te 10 , while SnSb 6 Te 10 was found to be a trivial insulator. As can be seen in Fig. 5(b) the SOC-induced band inversion in SnBi 6 Te 10 is in general similar to that observed in SnSb 4 Te 7 , however, there are some peculiarities due to its more complex crystal structure. The lowest conduction band at Z is formed by orbitals of Te atoms lying on the border between QLs [marked as Te QL/QL in The SnBi 6 Te 10 crystal has two nonequivalent cleavage planes: between SL and QL blocks and between two adjacent QLs, resulting in three different surface terminations. Two of them, 5L and 7L, are similar to those in SnBi 4 Te 7 . The former has QL block on top and SL block beneath it and in the latter one the sequence of surface and subsurface blocks is inverted. The third termination, which is absent in the SnBi 4 Te 7 compound with a simpler crystal structure, is the surface terminated by two successive QL blocks, which we will call 5-5L termination. In the calculations 7L, 5L, and 5-5L terminations were simulated by 41, 44, and 51 atomic layer slabs, respectively. Figures 5(a)-5(c) show the band structure of surfaces with all types of terminations.
The dispersion of Dirac cones at 7L and 5L surfaces is similar to the respective surfaces of SnBi 4 Te 7 as well as to all terminations found for PbBi 6 Te 10 [29] . In particular, like in PbBi 6 Te 10 we find that owing to specific bulk band inversion the DP at the 5-5L surface lies in the local gap of the bulk valence band [ Fig. 6(c)] .
Likewise, the charge distribution of the topological state at 7L and 5L surfaces of SnBi 6 Te 10 demonstrate a similar behavior as at the surfaces of SnBi 4 Te 7 . Thus, at the 7L surface the TSS is localized in the surface SL block and its maximum gradually shifts towards the near-surface atomic layers as we move away from the DP, which is responsible for the moderate dependence of the spin polarization on the wave vector [ Fig. 6(d)] , with a maximum near the center of the Brillouin zone (∼65%) and a minimum near the bottom of the conduction band (53%). At the 5L surface the TSS being strongly localized in the subsurface block, in the vicinity of DP, relocates to the surface QL block with k increasing in the same way as at the 5L surface of SnBi 4 Te 7 and, as one can see in Fig. 6(e) , the maximum of the spin polarization (∼84%) is located at k ≈ 0.03Å −1 , similar to the case of 5L-SnBi 4 Te 7 [see Fig. 4(h) ].
The dispersion and shape of the Dirac cone at the 5-5L surface are very similar to the ones found for PbBi 6 Te 10 [29] . Particularly, the Dirac point is located in the local gap of the bulk valence band. As a result, the Dirac cone possesses two segments: in the local and in the fundamental band gap. However, the charge density of the SS in both segments is mostly localized in the surface QL block. As can be seen in Fig. 6 (f) the total in-plane spin component S x at small k is maximal near¯ point and decreases in the direction of the bulk band continuum [marked by the gray rectangle in Fig. 6(f) Fig. 2(d) ]. The same dependence of the in-plane spin component on k takes place in the fundamental band gap. The maximal spin polarization in both segments reaches ∼70%.
IV. SUMMARY AND CONCLUSION
It has been established that Sn-based ternary compounds SnX 2 Te 4 , SnX 4 Te 7 , and SnBi 6 Te 10 (X = Sb, Bi) are 3D Z 2 topological insulators while SnSb 6 Te 10 is not. Since SnX 4 Te 7 and SnBi 6 Te 10 have a more complicated crystal structure compared to binary TIs they demonstrate strong differences in the dispersion of the topological surface state and its spin polarization depending on the cleavage surface. In particular, 7L surfaces in SnX 4 Te 7 and SnBi 6 Te 10 are characterized by a maximal spin polarization in the vicinity of the Dirac point and its weak dependence on the wave vector. The latter fact allows us to increase the carrier density (by means of the upward shift of the Fermi level) involved in the transport experiments for a wide energy range without a significant decrease in the spin polarization. For the 5L surface terminations the situation is more intriguing. With the exception of SnSb 4 Te 7 , the maximum of the in-plane spin polarization is positioned far from the Dirac point owing to the change in the spatial localization of the Dirac state. This feature allows us to realize the regime of the spin-polarized transport with increased density of state which is accompanied by maximal spin polarization. The 7L surface of the SnSb 4 Te 7 and 5L surfaces of the SnBi 4 Te 7 and SnBi 6 Te 10 seem to be more suitable systems for spintronics applications due to high spin polarization. These findings will lead us to realize a proper choice for spintronics applications.
